Abstract: Generalized survival models were applied to growth curves published for 17 species of cetaceans (5 mysticetes, 12 odontocetes) and 13 species ofpinnipeds (1 odobenid, 4 otariids, 8 phocids). The mean mass of all individuals in the population was calculated and plotted against the maximum body length reported for each species. The data showed strong linearity (on logarithmic scales), with three distinct clusters of points corresponding to the mysticetes (baleen whales), odontocetes (toothed whales), and pinnipeds (seals, sea lions, and walruses). Exceptions to this pattern were the sperm whales, which appeared to be more closely related to the mysticetes than to the odontocetes. Regression equations were applied to the maximum lengths reported for 76 species of marine mammals without published growth curves. Estimates of mean body mass were thus derived for 106 living species of marine manunals. 
Introduction
Knowing the amount of living matter is fundamental to assessing energy fluxes within ecosystems. One of the key parameters required for estimating the amount of food eaten by marine mammals occupying the top trophic layers of the world's oceans is biomass. The simplest way to estimate the total food consumption of a population is to multiply the mean individual body mass by the total population size and relative ration (e.g., Trites et al. 1997) . Mean body masses can, in tum, be calculated from life tables and growth curves.
Unfortunately, mean masses cannot be directly calculated for many marine mammals because growth curves have only been constructed for about 30 of the living species, and life tables are available for even fewer. In a number of species, little more is known about their morphology than a few measurements of body length. Table 1 . Parameters for the general survival models (eq. 3) of male and female pinnipeds (PI and P z ) and cetaceans (C I and C z ) . Model PI describes the survival of male pinnipeds with strong sexual dimorphism (elephant seals, sea lions, and fur seals); model P z was applied to all female pinnipeds and all non-dimorphic male pinnipeds. where M x is the mean mass of an individual aged x years, N x is the number of individuals of age x alive, and n is the maximum age attained. N.< can be replaced in eq. 2 with life-table values of l< (the probability of an individual surviving to age x), given that these two variables are proportional to each other.
The functional relationship between maximum length and mean mass of all individuals in a population (eq. I) was thus derived from the known growth curves of 30 species, then used to predict the mean masses of an additional 76 species of marine mammals from their maximum recorded body lengths.
Life tables
Age-specific survival rates were calculated using Siler's (1979) model as described by Barlow and Boveng (1991) . The probability of surviving to a given age U x ) is expressed as a function of three components: an exponentially decreasing risk with age of dying from sources of juvenile mortality (~.J; an exponentially increasing risk due to mortality factors associated with senescence Us); and an ageindependent base mortality U c • x )' Thus, [3] lx =~,x ls,x lc,x where
Age is expressed as a fraction oflongevity (Q) to produce a general model that can be applied over a wide range of life-spans. Longevity is here defined as the 99th percentile of the age distribution ofa sample (i.e., only 1% of the sample is older than Q; Barlow and Boveng 1991) . We derived separate, sex-specific general models of survivorship for pinnipeds and cetaceans as per Barlow and Boveng (1991) . The pinniped survival curves were calculated from the sampled age distribution of northern fur seals tabulated by Lander (1981) for males and by Smith and Polacheck (1981) for females. Longevity was estimated to be 13 and 19 years for males and females, respectively. As per Barlow and Boveng (1991) , an alternative-model life table was calculated for cetaceans, using age-stmcture data from humans (circa 1900; Merriam 1902) because insufficient data were available for cetaceans and because humans share life-history traits with cetaceans. Human longevity was estimated at 78 years for males and 81 years for females.
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We calculated the probability of surviving to a given age for male fur seals and for male and female humans/cetaceans by fitting eq. 3 to their respective age distributions, using the Nonlin Simplex Algorithm (SYSTAT 1988) . Survival parameters for female fur seals were taken from Barlow and Boveng (1991) .
Growth curves and longevity
Growth curves showing changes in body mass of 30 species of marine mammals were compiled from published sources (see the Appendix for details). In a few cases, body mass was estimated from length curves, using M< = a L;. A potential confounding factor, at least among some male pinnipeds, was seasonal fattening associated with breeding. We therefore tried to establish the mean mass of an age-class over the course of a year, or failing this, we used conservative estimates (i.e., postbreeding masses).
Longevity was calculated for most species from the age stmcture of the samples used to constmct their growth curves, using the 99th percentile mle. For some species of cetaceans, however, estimates of longevity were taken from Ohsumi (1979) and were based on earplug growth layers or on maximum number of corpora, ovulation rate, and age at sexual maturity.
Results
Parameter estimates for the general models of pinniped and cetacean survivorship are given in Table 1 . Estimates of mean mass for the 30 species of marine mammals with known growth curves are contained in Table 2 , along with estimates of their longevity and maximum recorded body lengths. These 30 pairs of points (masses and lengths) were plotted on logarithmic scales (Fig. 1) . The data show strong linearity, with three distinct clusterings of points corresponding to the mysticetes (baleen whales), odontocetes (toothed whales), and pinnipeds (seals, sea lions, and walruses). Within male pinnipeds, however, there were two distinct groupings related to the presence or absence of strong sexual dimorphism in body size (Fig. 1) . Only one species, the sperm whale (No.6 in Fig. 1 ), did not fit within its family grouping. Sperm whales appear to be more closely related to the mysticetes than to the odontocetes (see below), and were thus pooled with the former for regression analysis.
The linear regressions fitted to each of the grouped data were all highly significant (Table 3 ). Figure 2 shows the slope of the regressions plotted against their intercept. Estimates of mean population body mass were derived for the 76 species of marine mammals without growth curves by applying the regression equations to maximum recorded body lengths (Table 4) .
Discussion
The 30 estimates of mean body mass (Table 2) were based on growth and survival curves constructed from relatively large samples, and should be reliable. However, the reliability of the mean masses estimated for the 76 species without growth curves, such as the beaked whales, depends upon the single measurements of body length reported as their maximum length. Such estimates will undoubtedly be refined as more data are collected from stranded and incidentally caught marine mammals.
We were not able to substantiate the maximum lengths reported in the species compilations by and Jefferson et al. (1993) . Original data sources should be con- Note: Mean masses were determined by applying the survival models (Table 1) to the growth data (Appendix). Species groupings (A-D) were assigned according to the grouped relationships between mean mass and maximum length shown in Fig. 1 .
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Maximum Length (em) Note: Regressions were run on the data groupings shown in Fig. 1 . They correspond to baleen whales (mystieates), toothed whales (odontoeetes), and pinnipeds (otariids, phoeids, and odobenids). Male pinnipeds were split between dimorphic and non-dimorphic species. Note the low standard errors of the estimated slopes (SE b ).
unrepresentative individual may be to apply the 99th percentile rule to length distributions (such as to those plotted in McLaren 1993) . Maximum lengths may also vary among stocks and subspecies with known size differences and could be used with our regressions (Table 3) to predict corresponding mean masses. The biomass of an entire population equals the mean body mass (Tables 2 and 4 ) multiplied by the total population num- Table 4 . Maximum body lengths (from Mclaren 1993; Jefferson et al. 1993) and estimated mean body masses for 76 species of marine mammals calculated using one of the . sex-specific regression equations shown in Note: The species names and their sequence follow those in Jefferson et al. (1993) .
ber, and includes all age categories (from the newborn to the senescent). Estimating the mean mass of one component of a population, such as adult males in a population of California sea lions, would thus require a new set of calculations using eq. 2. Sex ratios of the entire population, as determined from the survival models (Table 1) , were approximately 50% for all species except the sexually dimorphic species, which had a population sex ratio of 40% males and 60% females. This means, for example, that the biomass of 1 million northern fur seals with 60% females would be 27 000 t (i.e., 0.6 x 1 000 000 x 25.3 + 0.4 x 1 000 000 x 30.2).
The relationship we established between mean body mass and maximum length (Fig. 1) supports the traditional separation of whales into two suborders (Barnes et al. 1985; Novachek 1992 Novachek , 1993 , with one exception. Our data suggest that sperm whales are more closely related to the baleen whales than to other toothed whales, and are in agreement with recent molecular phylogeny (Milinkovitch et al. 1993 (Milinkovitch et al. , 1994 (Milinkovitch et al. , 1995 Amason and Gullberg 1994; Adachi and Hasegawa 1995) . The exponents of our maximum length -mean mass relationship for each of the taxonomic orders (Table 3 , Fig. 2 ) ranged from 2.3 to 3.5 and imply sex and taxonomic differences in the balance between growth and survival among different groups of marine mammals (as expressed by eq. 1). These exponents should not be confused with those of traditional length-mass relationships, which often have a value near 2.8.
Size is an important attribute of individual animals, provid- Fig. 2 . Relationship between the exponents (b) and the intercepts (a) of the empirical relationship (Table 3) of mean mass to maximum length in mysticetes (A), odontocetes (B), and pinnipeds (C and D).
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ing a scale for all their living processes (Peters 1983; Calder 1984; Schmidt-Nielsen 1984) . It should therefore not be too surprising that maximum body length is so closely related to mean body mass in marine mammal populations. Managing marine mammal populations requires estimates of vital statistics (growth, mortality, fertility, etc.) that are either hard or impossible to obtain by direct sampling. Greater consideration should therefore be given to deriving empirical models for estimating hard-to-estimate parameters (such as the mean mass of an individual in an age-structured population) from an easy-to-estimate parameter (maximum length). This approach has proved useful in the study of fish (e.g., Pauly 1980) . Plotting other attributes of marine mammals (related to their morphology, population dynamics, or physiology) against maximum length should generally lead to plots as tight as those we found. Such plots and the various interrelationships they imply should lead to a deeper understanding of the adaptations and evolution of marine mammals, as illustrated in Figs. 1 and 2. 21. Grey seal: The functional relationship M = 5.217 x 10-5 L2.86 was calculated from digitized mean lengths and masses plotted in Platt et al. (1975) . This was applied to the length growth curves fit by McLaren (1993) to data from Mansfield (1977) to obtain the mass. Maximum recorded lengths were 2.35 m for females and 2.65 m for males. The oldest reported female. was 45 years (99th percentile age = 39 years), while the oldest male was 30 years of age (99th percentile age = 27 years).
22. Harp seal: Body masses were calculated by Innes et al. (1981) . Pups were assumed to weigh 10.5 kg. Males and females were assumed to be of equal size and to have a maximum length of 1.92 m (McLaren 1993) . The oldest reported animal was 29 'years of age, with a 99th percentile age of 26 years (from Innes et al. 1981) .
. 23. Harbour seal: Body mass was estimated by applying the LMR calculated by Markussen et al. (1989; 
89 ) to the sex-specific length at age curves drawn by McLaren (1993) using data from Bishop (1967) , Pitcher (1977) , and Pitcher and Calkins (1983) . Maximum lengths appear to be 1.80 m for females and 1.90 m for males (Fig. 41 in McLaren 1993; cf. Naito and Nishiwaki 1972; Hayama 1985) . Maximum ages were 31 and 36 years for males and females, with 99th percentile ages of 28 and 31 years, respectively (Fig. 36 in McLaren 1993; cf. Harkonen and Heide-Jorgensen 1990) .
24. Ringed seal: Length measurements were obtained from Smith (1987) and converted to mass using the LWR derived by Ryg et al. (1990) . Jefferson et al. (1993) suggest that males and females have a maximum length of 1.65 m. However, six sets of growth data plotted by McLaren (1993) suggest that males are about 5% longer than females. Thus, maximum lengths were assumed to be 1.65 m for males and 1.58 m for females. The oldest animals aged were 37 years for females and 31 years for males (Helle 1979) ; 99th percentile ages were 29 and 27 years, respectively.
25. Southern elephant seal: Mean body masses were obtained from Boyd et al. (1994) . Maximum reported ages were 12 and 17 years for males and females, respectively- (Boyd et al. 1994) . Maximum curvilinear body lengths appear to be 3.20 m for females and 5.20 m for males (Laws 1953) . The maximum length of males may be as high as 5.50 m, based on data collected by Laws (1953) and plotted by McClaren (1993) , but this value does not appear to be representative of the population, given its large departure from all other measurements. Maximum body lengths were converted from curvilinear to standard measures by reducing the curvilinear lengths by 5% (Le., 3.04 m for females and 4.90 m for males) as suggested by McClaren (1993) .
26. Northern elephant seal: Length growth curves were obtained from Clinton (1994) for males and from Reiter (1981) and McLaren (1993) for females. Maximum lengths, based on presented data, appear to be 2.82 m for females and 4.15 m for males, although general species summaries suggest that females could be as long as 3.00 or 3.60 m and males 4.50 or 5.00 m (Jefferson et al. 1993; Reijnders et al. 1993) . Body mass was estimated using the niean of the LMR calculated for males and females at the beginning and end of the breeding season (from Deutsch et al. 1994 ). The oldest known-aged males and females were 13 and 11 years, respectively. However, the 99th percentile age for females was assumed to be 17 years, based on the larger aged sample of southern elephant seals.
27. Steller sea lion: McLaren (1993) constructed growth curves for changes in body length of animals measured in the Gulf of Alaska by Calkins and Pitcher (1982) and Calkins and Goodwin (1988) . Estimates of body mass were derived using M = 3.328 X 99 for larger males (calculated using unpublished data from D. Calkins, Alaska Department ofFish and Game, Anchorage, Alaska, personal communication). Maximum recorded ages were 18 and 25 years for males and females, with 99th percentile ages of 14 and 22 years, respectively. Maximum recorded lengths recorded by D. Calkins (upublished data) were 3.30 m for males and 2.47 m for females (cf. Calkins et al. 1998) .
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28. Northern fur seal: Estimates of body mass were taken from Table I of Trites and Bigg (1996) . Maximum recorded lengths were 2.08 m for males and 1.47 m for females (Trites and Bigg 1996) . The oldest reported animals were 17 (male) and 26 (female) years of age, with 99th percentile ages of 13 and 19 years, respectively. 29. Subantarctic fur seal: Body mass growth curves for males and females were constructed by Bester and Van Jaarsveld (1994) . However, the parameter b = 2.03 in the Gompertz equation for female body mass was misprinted and was replaced with the correct value of 0.131 (M. Bester, personal communication) . The oldest animals measured were 18 (males) and 23 (females) years of age. Maximum lengths were 1.81 and 1.43 m, respectively. 30. Antarctic fur seal: Body masses were digitized from smoothed growth curves drawn by Payne (1979) . These data indicate maximum and 99th percentile ages of 11 and 16 years for males and females, respectively. Maximum recorded body lengths were 1.41 m for females and 1.98 m for males, as shown in McLaren (1993) .
